Spinal muscular atrophies (SMAs) are hereditary disorders characterized by degeneration of lower motor neurons. Different SMA types are clinically and genetically heterogeneous and many of them show significant phenotypic overlap. We recently described the clinical phenotype of a new disease in two Finnish families with a unique autosomal dominant late-onset lower motor neuronopathy. The studied families did not show linkage to any known locus of hereditary motor neuron disease and thus seemed to represent a new disease entity. For this study, we recruited two more family members and performed a more thorough genome-wide scan. We obtained significant linkage on chromosome 22q, maximum LOD score being 3.43 at marker D22S315. The linked area is defined by flanking markers D22S686 and D22S276, comprising 18.9 Mb. The region harbours 402 genes, none of which is previously known to be associated with SMAs. This study confirms that the disease in these two families is a genetically distinct entity and also provides evidence for a founder mutation segregating in both pedigrees.
INTRODUCTION
Spinal muscular atrophies (SMAs) are hereditary disorders characterized by degeneration of lower motor neurons. Most SMA patients have an autosomal recessive disorder caused by mutations of SMN1 gene on 5q. Non-5q SMAs are rare and clinically and genetically heterogeneous. 1-3 They are commonly classified by the inheritance pattern and distribution of weakness (distal, proximal or bulbar). However, because many separate disease entities show significant phenotypic overlap and, on the other hand, mutations in one gene may result in several allelic phenotypes, no final classification exists to fully categorize these disorders. 4 Current understanding of the pathophysiology of motor neuron diseases is limited. Much information, however, has accumulated through characterization of disease-causing genes. The proteins encoded by these genes have miscellaneous cellular functions such as vesicle trafficking, 5 copper transport, 6 aminoacylation 7 or RNA processing. 8, 9 Nonetheless, it seems that many of them are involved in axonal transport and RNA metabolism. 2 It has been hypothesized that large axons of motor neurons have so high metabolic requirements for maintenance, transport over long distances and precise connectivity that they are particularly vulnerable to defects in ubiquitously expressed proteins. 1 For autosomal dominant non-5q SMAs, nine genes and four loci are known. Autosomal dominant forms of SMAs with predominant distal weakness result from mutations in HSPB8, 10 HSPB1, 11 HSPB3, 12 GARS, 7 DCTN1 5 and BSCL2 9 or show linkage to 2q14 13 or 7q34-q36. 14 Proximal adult-onset SMAs with autosomal dominant inheritance have been reported to be caused by mutations in VAPB, 15 LMNA 16 and TRPV4 17 or to be linked to 3q13.1 18 or 14q32. 19 Mutations in many of these genes cause several allelic disorders. For example, mutations in TRPV4 are associated with scapuloperoneal SMA (OMIM 181405) or hereditary motor and sensory neuropathy type 2C (OMIM 606071), 17 and mutations in GARS are known to cause Charcot-Marie-Tooth disease type 2D (OMIM 601472) and distal SMA type V (dSMAV, OMIM 600794). 7 Moreover, dSMAV may also be caused by mutations in BSCL2 that on the other hand is also associated with spastic paraplegia 17 (OMIM 270685) and congenital generalized lipodystrophy type 2 (OMIM 269700). 9 We recently described a new form of autosomal dominant lower motor neuron disease characterized by adult onset of painful cramps and slowly progressive very late-onset weakness and atrophy of proximal and distal muscles. 20 The studied families did not show linkage to any known locus of hereditary motor neuron disease and thus seemed to represent a new disease entity. In this study, we show by a genome-wide scan and subsequent fine genetic mapping that both reported families have the same disease and that the disorder is a new genetically distinct entity linked to a novel SMA locus on chromosome 22q11.2-q13.2.
SUBJECTS AND METHODS Subjects
We studied 18 members of two kindreds (F1 and F2) that were previously described. 20 DNA samples of two new unaffected individuals (F1:III-22 and F2:IV-10) were collected for this study. Eleven individuals were affected by lower motor neuron disease, six were unaffected and the affection status of one family member (F1:III-30) was uncertain. The study was approved by the Institutional Review Board of the Northern Karelia Hospital District. Blood samples for molecular genetic studies were obtained after written informed consent.
Genetic analysis
Genomic DNA was extracted from the peripheral blood leukocytes by standard methods. A genome-wide scan was done with 16 samples of the two kindreds using deCODE 536 microsatellite marker set at an average of 8 cM density. 21 Linkage analysis on all the autosomes was run with Merlin 22 using a parametric dominant model with a disease allele frequency of 0.0001 and absolute disease risk of 0.0001 for noncarriers and 0.9 for carriers. Merlin was also used to construct haplotypes. To confirm and refine the location of the disease-causing gene, seven additional markers, D22S264, D22S446, D22S306, D22S686, D22S926, D22S419 and D22S421, were analyzed. Fluorescently labeled PCR products were analyzed using ABI3130xl automatic DNA Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) and Peak Scanner Software v1.0 (Applied Biosystems). DNA from additional two unaffected relatives (F1:III-22 and F2:IV-10) were included in these analyses.
RESULTS

Clinical features
Our 2-3-year clinical follow-up of patients accords with previously reported findings ( Table 1 ). The general features include onset of painful cramps in adulthood, followed by slowly progressive proximal and distal weakness, usually after 45 years of age and very late in some patients. All patients were still ambulant, at least for short distances, although one 63-year-old male patient uses a mobility scooter outdoors because of muscle weakness and poor balance. Respiratory, bulbar or facial involvement has not occurred in any patient. One female patient, aged 50, has developed neck muscle weakness with a tendency to head drooping. Mild muscle atrophy is observed only very late in the disease course.
Molecular genetic results
The disease occurred in both genders in successive generations and with male-to-male transmission, indicating autosomal dominant inheritance. In the genome-wide scan, significant evidence for linkage was obtained on chromosome 22 between markers D22S427 and D22S276, maximum parametric LOD score being 5.01 at marker D22S315. Refined linkage analysis was performed with seven additional markers, which defined the area further between markers D22S686 and D22S276, this time maximum parametric LOD score being 3.43 at marker D22S315 ( Table 2 ). The disease-associated haplotype was identical in both families and was shared by all affected members of the two families (Figure 1) 
DISCUSSION
We have recently reported two Finnish families with a slowly progressive motor neuron disease. The clinical phenotype of their disease differed from previously described autosomal dominant SMAs and all the known motor neuron disorder loci were excluded from being associated with the disease. 20 In this study, a genome-wide linkage study identified significant linkage to chromosome 22q11. 2-q13.2 with a unique haplotype segregating in the affected members of both of the families.
The most common first symptoms of this new entity of SMA are painful cramps and fasciculations presented in the fourth and fifth decade. Muscle atrophy and weakness develop gradually late in the disease course and no patient was wheelchair-dependent. The disease Dominant spinal motor neuronopathy maps to 22q S Penttilä et al does not cause symptoms or signs from respiratory, bulbar or facial muscles or upper motor neurons. EMG shows mild to moderate, widespread chronic and active neurogenic changes. Neurogenic changes are also the main morphological findings on muscle biopsy. One of the subjects included in this study (F1:III-30) could not be definitely classified. In this study, she proved not to carry the disease haplotype, indicating that her EMG findings with polyphasic motor unit potentials and fibrillations were unrelated to the familial disease. Locus 22q11.2-q13.2 has not been previously linked to SMAs. Most of the genes inside the linked area are poorly described and none of them is an obvious candidate gene. Because the genes known to cause motor neuron disorders have such variation in their functions, practically no gene can be excluded a priori. Nevertheless, in the linked region, there are altogether 36 immunoglobulin lambda variable genes that seem to be highly unlikely candidates.
The only known gene linked to motor neuron disease in chromosome 22 is NEFH, coding for human heavy neurofilament subunit protein. Neurofilaments have a role in axonal transport, and deletions in NEFH have been found in ALS patients. It could not be determined, however, whether the deletions segregated with the disease or not. 23 The symptoms of the patients in our families differ from those of ALS, but otherwise NEFH is probably one of the strongest candidate genes in the linked region.
Of the other genes in the area that have been associated with nervous system, ADORA2A is probably the best described. Its product is one of the several receptor subtypes for adenosine. The activity of the encoded protein, a G-protein-coupled receptor family member, is mediated by G proteins, which activate adenylyl cyclase. The encoded protein is abundant in basal ganglia, vasculature and platelets and it is a major target of caffeine. It has been suggested to be involved in the pathogenesis of Huntington's disease. 24 UPB1 encodes betaureidopropionase that catalyzes the last step in the pyrimidine degradation pathway. Ureidopropionase deficiencies are associated with N-carbamyl-beta-amino aciduria and may lead to abnormalities in central nervous functions. SGSM1 (small G-protein-signaling modulator 1) is poorly described. It is mainly expressed in brain, heart and testis, but it is known to be expressed also in spinal cord and peripheral nerves. SGSM proteins modulate small G-proteinmediated (RAP and RAB) neuronal signal transduction and the vesicular transportation pathways. 25 One of these genes could be the disease-causing gene, but because the number of potential genes is over 400, selecting the right gene for sequencing is hardly conceivable.
Possible approaches for finding the disease-causing gene could be exome sequencing or high-throughput sequencing of the linked 18.9 Mb region. However, because the disease-associated haplotype is the same in these two families, all the possibly detected variations in the 18.9 Mb area will be common to all our patients and the number of potential disease-causing mutations would still be high. Another approach is to narrow down the linked area further and our next aim is to increase the patient material. With the linked haplotype identified in this study, it is now possible to try to find both other Finnish patients affected by this disease and new critical recombinants. Because the disease is dominantly inherited, it is likely that more patients can be found.
The finding that both families in the study share a common haplotype provides evidence of a common founder mutation. The families are not known to be related, but because they both originate from the same geographical region, they should have a common ancestor. Whether or not this new entity of spinal muscular neuronopathy is purely a Finnish peculiarity remains to be seen.
With the linkage data provided, families with a comparable phenotype can now be checked by the molecular genetic methods. Any identified family in other populations linked to this new locus will be of high interest for determination of the causative gene.
